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by 

0.  Sibul  txuu  i . Pister 
ABSTRACT 


A series  of  experiments  was  performed  for  the  purpose  of  investigating 
the  characteristics  of  the  gravity  waves  resulting  from  the  periodic  ver- 
tical oscillation,  of  a plunger  in  water.  Wave  heights  were  measured  along  a 
radial  line  at  various  distances  from  the  plunger.  Graphs  are  presented  which 
show  the  relationships  between  wave  height  and  radial  distance,  wave  height  and 
frequency  with  constant  amplitude  of  plunger  movement,  wave  height  and  amplitude 
of  plunger  movement  with  constant  frequency. 
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The  experimental  investigations  wens  performed  in  the  Fluid  Mechanics 
Laboratory,  University  of  California,  Berkeley.  The  first  experiments  were  per- 
formed in  a small  model  basin  (see  Figure  1) ; however,  this  basin  was  found  to 
be  too  small.  It  was  possible  to  measure  the  wave  characteristics  only  up  to  a 
distance  of  approximately  fourteen  feat  from  the  center  of  the  disturbance. 

Because  of  this  limitation,  the  equipment  was  moved  tc  a large  model  basin  (65 
feet  by  120  feet  in  plan  by  2 feet  in  depth),  where  most  of  the  experiments  were 
performed. 

The  experimental  layout  of  the  small  basin  is  shown  in  Figure  1.  The 
basin  had  a concrete  slab  bottom  and  walls.  In  order  to  reduce  reflection  to 
a minimum,  a circular  sand  beach  was  installed  around  Ihe  edges  of  the  basin. 

A portable  plunger -type  wave  generator  was  mounted  at  the  center  of  the  main 
basin.  Two  thin  metal  wave-splitters  were  installed  on  lines  radiating  from 
the  plunger  . Thus  a nearly  undisturbed  segment  of  the  radial  waves  could 
travel  for  a distance  of  about  twenty  feet  before  breaking  on  the  sand  beach. 

’.Tave  heights  were  measured  at  several  points  (5,  7,  9 and  12  feet  from  the 
plunger)  in  the  section  between  the  splitters.  The  water  depth  over  the  horizon- 
tal bottom  was  one  foot. 

The  experimental  layout  of  the  large  model  basin  is  shown  in  Figure  2. 
Radial  splitters  were  not  used  in  this  case.  Ihe  plunger  was  mounted  at  one 
end  of  the  basin  near  a sloping  beach  which  reduced  reflection  to  a minimum. 
Instead  of  building  sand  beaches  around  the  entire  perimeter  of  this  basin 
to  absorb  the  wave  energy,  the  plunger  was  operated  intermittently  and  measure- 
ments were  made  before  the  waves  could  be  reflected  from  the  vertical  walls. 
Observations  showed  that  the  reflections  started  to  influence  the  results  ap- 
proximately thirty-five  seconds  after  the  plunger  was  started.  Because  of  this 
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limitation,  measurements  were  made  only  during  this  time  interval.  The  plunger 
was  then  stopped  and  the  basin  allowed  to  still  before  another  run  was  made. 

Wave  heights  were  measured  at  several  points  (6,  8,  10,  14  and  26  feet 
from  the  plunger)  along  a radial  line.  Station  10  was  used  as  the  referenoe 
station.  The  water  depth  over  the  horizontal  bottom  was  kept  approximately 
constant  for  all  runs,  and  was  just  over  one  foot,  whioh  resulted  in  deep  water 
waves  in  the  range  of  frequencies  studied. 

Plunger  Type  Wave  Generator t 

The  plunger  used  in  all  of  the  experiments  was  of  oylindrical  shape 
and  was  attached  to  a 110  volt  do  motor.  The  frequency,  OJ  , of  the  plunger 
oso illation  oouia  be  varied  by  means  of  two  resistors  within  a,  range  of  from  1.6 
to  about  6 per  second.  The  amplitudes,  S,  of  the  plunger  oscillation  could  be 
varied  by  ohanging  the  ecoentrioity  of  the  plunger  arm;  the  range  was  from  about 
zero  to  a little  over  six-tenths  of  a foot. 

The  plunger  was  designed  so  that  the  shape  of  the  head  could  be  changed; 
however,  a flat  head  was  used  in  all  the  runs  reported  in  this  paper.  A few 
qualitative  tests  were  performed  using  a spherical  head  during  whioh  it  was  ob- 
served that  more  uniform  waves  were  generated. 

Measurement  of  Have  Heights t 

Wave  heights  were  measured  by  means  of  electrical  resistance  gages. 
Variation  in  immersion  due  to  passing  waves  oaused  the  voltage  across  the  gage 
terminal  to  vary.  The  voltage  variations  were  amplified  and  recorded  on  a Brush 
Osoillograph.  The  resistance  gages  were  calibrated  by  raising  and  lowering  them 
in  still  water  by  0.01  foot  increments  (see  Figure  3a).  All  gages  were  calibrated 
at  the  start  and  the  end  of  each  series.  As  only  a two  channel  recorder  was 
available  it  was  possible  to  make  measurements  at  only  two  locations  at  the  same 
time  (see  Figure  3b).  Booause  of  this,  one  gage  was  used  as  a referenoe  while  the 
other  was  connected  to  the  recorder  through  a selector  switoh.  The  output  from 
the  referenoe  gage  was  reoorded  continuously  through  eaoh  run  while  the  re- 
maining gages  were  switohed  in  successively. 

Wave  heights  at  any  particular  station  were  obtained  by  averaging  the  10 
highest  waves  of  a group  of  35  successive  waves.  When  it  was  not  possible  to  ob- 
tain a group  of  35  waves  from  the  reoords,  a smaller  group  was  used  and  a pro- 
portionally smaller  number  of  the  highest  waves  were  averaged.  Bie  wave  height 
at  Station  10  served  as  a soale  for  the  wave  heights  at  other  stations  (exoept 
in  the  small  basin,  where  the  wave  height  at  Station  5 served  as  the  soale).  It 
was  discovered,  however,  that  the  plunger  frequency  was  not  eonstant  throughout 
a run,  but  that  small  fluctuations  ooourred  (up  to  ±0*015  seo.  in  period?  in 
some  oases),  whioh  resulted  in  variations  in  wave  heights  (Table  I,  Column  10). 

For  purposes  of  comparison,  the  percentage  variations  from  the  mean  of  the  fluc- 
tuating wave  heights  at  Station  10  were  oomputed  (Table  I5  Column  13)  and  the 
wave  heights  at  other  stations  were  modified  proportionately  (Table  1,  Column  14). 
The  purpose  of  this  procedure  was  to  minimize  the  effect  of  the  fluctuation  in 
plunger  frequency  and  possible  vibration  of  the  plunger  platform. 

* Numbers  in  parentheses  refer  to  references  listed  at  the  end  of  this  report. 
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In  selecting  the  group  of  waves  to  be.  measured,  special  care  was  taken 
to  measure  the  same  waves  as  they  advanced  past  the  successive  stations. 

DEFINITIONS 


The  terms  used  in  this  report  were  as  follows* 


Dp  = diameter  of  the  plunger,  feet. 

d = still-water  depth,  feet. 

H = wave  height,  feet. 

R = radial  distance  from  the  center  of  the  plunger  to  the  point  of 
measurement,  feet. 

S - amplitude  of  plunger  motion,  feet. 

T ■ wave  period,  seconds. 

oj  » frequency  of  plunger  motion,  l/second. 

g = acceleration  of  gravity,  ft/seo^. 

RESULTS 

The  test  results  are  summarized  in  Table  I and  in  graphical  form  in 
Figures  4 to  13. 

The  Frequency  of  the  Plunger i 

Fbr  low  frequency  plunger  movement  (up  to  cu  = 3.0  per  second),  traveling 
waves  moved  away  from  the  plunger  with  the  frequency  of  the  plunger  such  that  the 
wave  period  T - l/cj  . Higher  frequencies  gave  irregular  waves,  and  it  was  ex- 
pected that  at  a certain  high  frequency  of  the  plunger  a change  in  the  waves 
would  ocour  suddenly.  Instead  of  traveling  waves,  there  would  be  a standing 
wave  radiating  out  from  the  plunger  perpendicular  to  the  traveling  wave.  Thi3  was 
actually  observed  when  the  plunger  frequency  exceeded  a certain  value;  however, 
no  measurements  were  made  because  the  neoessary  higi  frequency  could  not  be 
used  with  the  given  equipment  for  a long  enough  period  of  time  to  obtain  re- 
liable data. 

Figures  4,5  and  6 demonstrate  the  effect  of  plunger  frequency  on  wave 
heights.  In  Figure  4 frequencies  of  2.3  and  1.7  were  used  (with  a constant 
amplitude  S),  and  the  wave  heights  were  measured  at  different  distances  from 
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tha  plunger.  At  each  frequency  two  runs  were  made  maintaining  all  variables  con- 
stant. As  can  be  seen,  there  is  little  scatter  about  a mean  curve.  Some  scat- 
tering of  the  points  oan  be  seen  at  Station  6 and  also,  in  some  cases,  at  Station 
8.  This  might  be  due  to  the  proximity  of  these  stations  to  the  plungerj  the 
waves  may  not  have  stabilized.  The  curves  are  of  simple  exponential  form  from 
Station  8 to  Station  25.  The  ohange  in  form  of  the  curves  may  be  due  not  only 
to  lack  of  stabilization  close  to  the  plunger,  but  to  bottom  reflection. 

In  Figure  5 ratios  of  wave  height  to  plunger  amplitude  are  plotted  as  a 
function  of  plunger  rrequenoy  for  the  data  obtained  in  the  small  basin.  There 
appears  to  bo  an  optimum  plunger  frequenoy  for  which  the  highest  waves  are  gene- 
rated. It  is  probable  that  this  optimum  frequenoy  is  different  for  different 
plunger  characteristics  (that  is,  for  different  values  of  S and  D ).  For  the 
plunger  with  a diameter  (Dp)  of  0.50  foot  and  an  amplitude  (S)  of^0.41  foot, 
this  optimum  frequency  varied  from  about  2.8  to  2.9  per  seoond.  Further,  there 
seems  to  be  an  intermediate  frequenoy  where  the  ratio  of  wave  height  to  plunger 
amplitude  was  at  a minimum.  As  oan  be  seen  in  Figure  5,  this  minimum  seems  to 
be  at  about  cu  r 1.9  to  2.0.  In  order  to  investigate  this  further,  additional 
experiments  were  made  in  the  la^ge  wave  basin,  using  improved  equipment  which 
made  it  possible  to  obtain  higher  frequencies.  The  results  are  presented  in 
Figure  6. 

To  allow  comparison  of  the  data  obtained  in  both  experiments,  the  data 
shown  in  Figure  5 (Station  R = 5 feet)  were  modified  by  multiplying  the  heights 
by  the  ratio  of  the  two  plunger  amplitudes, and  roplotted  in  Figure  6.  As  can  bo 
seen  in  Figure  10,  this  is  apparently  a legitimate  operation.  There  is  con- 
siderable scatter  of  the  data,  but  tile  trend  seems  to  be  definite.  The  average 
experimental  curve  in  Figure  6 is  very  similar  to  that  of  Figure  5 with  regard 
to  points  of  maximum  and  minimum  wave  heights.  The  first  maximum  is  approximately 
the  same  for  both  Figures  5 and  6 at  th6  frequenoy  Cl)  of  approximately  1.6. 

The  first  minimum  seems  to  be  also  approximately  the  same  for  both  cases  with 
cu  between  1.9  and  2.0.  The  second  maximum  t cd  between  2.7  and  2.9  is 
the  highest  value  within  the  range  of  experimi  ital  conditions.  The  seoond  min- 
imum is  out  of  the  range  of  Figure  5 and  is  dt  lonstrated  at  approximately  w = 4 
in  Figure  6.  ‘The  third  maximum  is  not  very  well  defined  in  Figure  6 because 
the  frequency  of  the  plunger  movement  was  so  high  as  to  make  the  measurements 
uncertain,  and  it  was  necessary  to  decrease  the  duration  of  the  run  to  a minimum 
to  prevent  damage  to  the  equipment.  At  higher  frequencies  the  wave  character- 
istics change  entirely  and  instead  of  progressive  waves,  standing  waves  are 
formed  which  radiate  in  a spoke-like  manner  from  the  plunger  (orthogonal  to  the 
original  progressive  waves). 

No  theoretical  analysis  will  be  attempted  in  this  report.  It  is  expected, 
however,  that  the  solution  would  have  a form  of  a Bessel  function*  with  suc- 
cessive maximum  and  zero  points.  The  solution  depends  upon  the  pressure  dis- 
tribution on  the  plunger.  The  latter  may  be  considerably  complicated  the 
bottom  reflection  in  the  oase  of  shallow  water. 

There  is  apparently  no  data  available  to  allow  prediction  of  wave 
characteristics  for  different  size  plungers.  Observations  of  other  types  of 
wave  generators  operating  at  high  frequency  will  perhaps  be  v ,ful  in  pre- 
dicting the  operational  character istios  of  a large  oylindricbi  plunger. 

Observation  of  a large  scale  flapper  type  wave  generator  showed  the  optimum 
working  condition  to  be  at  lower  frequencies,  and  the  standing  orthogonal  waves 
iis''“TiV  -started  at  lower  frequencies.  For  this  large  wave  generator 

* Personal  communication  from  R.C.  MacCamy 
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(approximately  60  feet  long  in  water  depth  of  1.5  feet)  the  standing  orthogonal 
waves  could  be  observed  at  a frequency  of  about  2 (depending  or.  the  amplitude  of 
the  motion),  while  on  the  other  hand,  for  a small  plunger- type  wave  generator 
used  in  a 0.5-foot  by  4-foot  by  20-foot  ripple  tank  where  the  water  depths  are 
usually  one  inch  or  less,  the  phenomenon  oould  be  observed  only  when  the  fre- 
quency exceeded  approximately  10. 

Figures  7 and  0 show  the  influence  of  the  plunger  frequency,  o>  , on 
the  decay  of  the  waves  as  they  moved  from  the  oenter  of  the  disburbance.  The 
data  in  Figure  7 was  obtained  in  the  large  basin.  The  wave  height  at  Station  10 
was  selected  as  a reference  station,  with  the  wave  heights  at  other  stations 
shown  as  ratios.  As  can  be  seen  in  Figure  7,  the  frequency,  and  hence  the  wave 
length,  had  no  noticeable  effeot  on  the  decay  of  the  waves,  at  least  within  the 
limits  of  the  experimental  conditions.  At  Station  14  there  appears  to  be  a down- 
ward trend  far  the  shorter  wave  lengths,  but  the  number  of  experiments  was  not 
sufficient  to  be  certain,  and  the  scatter  in  data  was  considerable. 

In  Figure  8 are  plotted  the  data  obtained  in  the  small  basin,  using  the 
wave  height  at  Station  5 as  the  reference  station.  The  data  show  that  the  shorter 
waves  (higher  frequency)  have  a higher  degree  of  decay.  However,  one  must  be 
very  careful  in  generalizing  the  data.  The  effeot  of  radial  walls  must  be  con- 
sidered and,  as  can  be  seen  later  (Figure  12),  this  appears  to  be  the  main 
reason  for  the  trend.  The  ends  of  the  radial  walls  were  too  close  to  the  oenter 
of  the  disturbance  and  the  opening  was  too  small.  It  would  appear  that  soma  of 
the  wave  energy  was  lost  at  the  entrance. 

The  Amplitude  of  the  Plunger  Motion t 

Figure  9 and  10  demonstrate  the  effect  of  plunger  amplitude,  S,  on  wave 
height.  In  Figpre  9 are  plotted  data  for  three  different  plunger  amplitudes 
(0.615;  0.292  and  0.105  foot).  In  all  cases  the  plunger  (diameter  D = 0.50) 
was  operated  at  a constant  frequency  of  2.3.  In  general  the  three  £Urves  are 
parallel  to  each  other.  The  curves  fit  the  equation  H = H^0(R^Q/fe)2  fairly 

well,  where  H^q  is  the  wave  height  at  a radius  of  ten  feet  from  the  plunger. 

In  Figure  lo  wave  heights  were  plotted  as  a function  of  the  plunger 
amplitude,  S,  for  each  station.  The  experimental  points  fall  on  straignt 
lines,  with  very  little  scatter.  It  can  be  seen  that  the  wave  height,  H,  is 
proportional  to  the  amplitude  of  the  plunger. 

Wave  Height  Changes  wish  Distance: 

The  data  obtained  in  the  large  wave  basin  show  that  the  frequency  of  the 
plunger  motion  (hence,  the  wave  length)  had  little  influence  on  the  change  of 
wave  heights  as  they  proceed  from  the  center  of  the  disturbance,  at  least 
within  the  range  of  the  experimental  conditions.  The  only  variable  found  to 
influence  the  change  of  wave  heights  as  they  travel  from  the  oenter  of  the 
disturbance  is  the  radial  distance.  The  data  obtained  in  the  small  basin 
seem,  however,  to  contradict  this  finding.  Figure  8 shows  a trend  to  a faster 
decrease  in  wave  heights  for  higher  frequencies.  The  reason  for  this  phenome- 
non can  not  be  given.  It  is  assumed,  however,  that  this  is  due  to  the  entrance 
condition  at  the  wave  splitters,  as  mentioned  above  and  as  will  again  be  dis- 
cussed later. 
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Figure  11  demonstrates  the  decrease  in  wave  heights  as  they  travel 
from  the  center  of  the  disturbance.  In  this  plot  the  wave  height  at 
Station  10  was  taken  as  the  reference  station,  and  the  heights  at  the  other 
stations  were  shown  as  ratios.  This  plot  shows  the  same  characteristics  as  the 
data  presented  by  Johnson  in  Figure  3 of  Reference  3 for  impulsive  waves  generated 
by  falling  weights.  In  Figure  11  the  distances  from  the  center  are  measured  in 
plunger  diameters.  The  average  slope  of  the  curves  is  approximately  46  degrees. 

Figure  12  demonstrates  again  the  change  in  wave  height  with  respeot  to 
the  radial  distance,  R,  from  the  oenter  of  the  disturbance.  Die  curves  were  drawn 
from  data  obtained  in  both  the  small  and  the  large  basins  and  were  the  result  of 
average  values  from  various  runs.  In  order  to  oompare  the  data  from  the  small 
basin  and  the  large  basin,  the  wave  height  at  Station  6 was  used  as  the  reference 
station  for  both  sets. 

The  mechanics  of  the  height  change  of  radial  waves  as  they  expand  from  the 
oeniar  cf  the  disturbance  can  be  explained  in  the  simplest  form  as  follows j 

If  one  assumes  that  the  total  energy  per  wave  and  the  wave  length  remain  constant, 

then  if  E^  ~ energy  for  t unit  of  wave  crest  at  Point  1 

E2  = energy  for  a unit  of  wave  crost  at  Point  2 

Rl  * distance  from  the  center  of  the  disturbance  to  Point  1 

R2  = distance  from  the  center  of  the  disturbance  to  Point  2 

it  can  be  seen  that 


27r  R^E^=  2 tt  R2E2 


Hf/^2  ” e/^2/^1  • 


In  this  consideration,  the  effects  of  viscosity  and  surface  tension  have 
been  neglected.  Deis  assumption  is  justified  when  the  waves  are  longer  than 
0.1  foot,  as  surface  tension  beoomes  relatively  omall  and  the  rate  of  camping 
by  internal  friction  is  very  small  for  even  short  period  waves 

Hiesa  theoretical  curves  have  been  plotted  in  Figures  9 and  12,  The 
agreement  with  the  experimental  data  in  the  large  basin  is  very  good,  beginning 
with  the  station  at  14  feet.  The  experimental  wave  heights  are  somewhat  lower 
than  the  theoretical  curve,  as  was  expected,  due  to  small  effects  of  surface 
tension  and  viscosity.  There  was  sane  disagreement  close  to  the  oenter  of  the 
disturbance,  but  it  appeared  that  no  energy  was  lost,  as  the  experimental  curve 
approaches  the  theoretical  curve  as  the  waves  moved  away  from  the  disturbed  area. 
The  disagreement  at  the  beginning  of  the  curve  might  be  due  to  the  bottom  re- 
flection and  the  eddy  disturbances  due  to  plunger  movement.  Another  reason  for 
this  disagreement  might  be  the  accelerated  movement  of  the  waves  in  the  distur- 
bance area  caused  by  the  plunger  as  it  splashed  water  out  from  the  center. 
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It  is  probable  that  for  the  small  basin  some  wave  energy  was  lost  at  the 
entrance  between  the  radial  walls.  However,  the  experimentally  determined  ourve 
starts  to  run  parallel  to  the  theoretical  curve  in  the  neighborhood  of  Stations 
10  to  12.  It  is  apparent  that  radial  walls  should  not  be  used  too  close  to  the 
disturbance  center,  nor  should  they  have  a narrow  opening.  The  beginning  of  the 
radial  walls  should  be  clearly  beyond  the  point  where  irregularities  are  caused 
by  the  original  disturbance. 

Diameter  of  the  Plunger  Dpi 

Two  pluno-er  diameters  used  were*  DnB  0.500  foot  and  D^  s 0.835  foot. 

In  Figure  13  are  shown  the  data  for  a plunger  with  Dp  ■ 0,836  foot.  (All  the 
previous  data  were  for  a plunger  with  Dp  = 0.500  foot.) 

The  shape  of  the  curve  in  Figure  13  is  similar  to  the  curves  for  a plun- 
ger wich  a diameter  of  0.500  foot  (compare  with  Figures  4,  9 and  12)  except  for 
a fiat  section  around  Station  10.  The  same  type  of  flat  section  can  be  found 
in  Figure  3 in  Reference  3.  This  flat  section  migjit  be  the  result  of  a larger 
disturbance  and  bottom  reflection  due  to  the  larger  plunger  diameter  and  smaller 
bottom  clearance.  This  is  substantiated  by  the  fact  that  the  flat  section  is 
moved  outward  for  the  higher  frequency  OJ  : 2.5  of  that  for  c u * 1.4,  as  can  be 
seen  in  Figure  13.  The  frequency  2.5  gives  more  disturbance  than  the  frequency 
1.4.  In  Johnson's  experiments,  this  section  was  almost  30  feet  from  the  dis- 
turbance center  when  heavy  weights  with  large  diameter  were  dropped  into  shallow 
water 5 It  is  a.ssumed  that  for  greater  bottom  clearances,  $md  for  relatively 
smaller  plunger  diameters,  the  flat  section  would  move  inward  toward  the  dis- 
turbance center  and  possibly  vanish. 

CONCLUSIONS 


1.  The  wave  hexghp  varies  inversely  with  the  square  root  of  the  distance  from 
the  center  of  the  plunger. 

2.  Ihere  appears  to  he  an  optimum  frequency  of  the  plunger  which  generates  the 
highest  waves. 

3-.  There  appears  to  be  an  intermediate  frequency  where  the  wave  heights  are  at 
a minimum. 

4.  The  wave  height,  H,  is  proper bional  to  the  amplitude  of  the  plunger  . 

5.  The  variables  of  plunger  frequency,  amplitude,  etc.,  apparently  have  little 
influence  on  the  change  in  height  of  deep  v/ater  waves  as  they  proceed  from 
the  center  of  the  disturbance  (at  least  in  the  range  of  these  experiments) 
so  that  the  law 

VV  A_Ai 

is  valid  for  each  case. 

6.  Radial  walls,  to  cut  out  a segment  of  wave  , should  not  be  placed  too  close 
to  the  center  of  the  disturbance.  The  opening  should  not  be  too  narrow. 
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